distribution of undrained shear strength around a submarine pipeline post-lay are affected by the 23 lay process. This is because of soil berms that form adjacent to the pipe, and remoulding and 24 subsequent reconsolidation of the seabed. The effect of post-lay consolidation on the subsequent 25 lateral and axial response of submarine pipelines has not been previously investigated through 26 physical model testing. 27
This paper presents results from centrifuge model tests describing lateral breakout behaviour of a 28 pipe on soft clay as a function of (i) pipe installation conditions, (ii) post-lay pipe weight and (iii) 29 consolidation prior to break out. In addition, the effect of post-lay consolidation on axial pipe 30 response is studied. The experimental results are compared with available numerical and 31 analytical predictions. 32
The results quantify the influence of the installation process, pipe weight and post-installation 33 consolidation on the lateral break out resistance and trajectory of the pipe and also the axial pipe 34 response, and show how existing prediction methods can capture these effects. an increasing need to better understand pipeline behaviour during installation and operation to 43 improve design outcomes. 44
Offshore in-field pipelines are generally laid directly on the seabed, and left unburied. The pipe 45 partially embeds into the seabed during the laying process due to its self-weight and dynamic lay 46 effects. The lay process submits the soil to disturbance and remoulding, resulting in softening of 47 the seabed deposit surrounding the newly installed pipe. However, after laying, the vertical load 48 on the seabed is reduced to the static pipe weight, and the soil around the pipe consolidates under 49 that load. For the soft, normally consolidated soils typically found offshore, this consolidation 50 process leads to an increase in the strength of the seabed deposit surrounding the pipeline. 51
The dominant operational forces on deepwater in-field pipelines are from internal temperature 52 and pressure, rather than external hydrodynamic loading. High pipeline temperature causes 53 longitudinal expansion, which is opposed by axial resistance between the pipe and the seabed 54 (Bruton et al. (2008) ). Excessive compressive forces arising from thermal expansion or high 55 internal pressure lead to buckling of the pipeline in the lateral direction, with the buckling 56 response depending critically on the soil resistance. Many subsea developments adopt the 57 practice of controlled lateral buckling where a pipeline is allowed to buckle tolerably at 58 designated locations to relieve the thermal and pressure-induced loading (Sinclair et al. (2009)) . 59
Lateral buckles along the pipeline can significantly influence the global response of the flowline 60 including the attached infrastructure such as the pipeline end termination or manifolds 61 (PLET/PLEMs). 62
In recent years, axial and lateral pipe-soil interactions have been studied extensively by 63 researchers, with a particular focus on the undrained conditions that generally prevail during 64 4 lateral pipe movements on fine-grained soils. Solutions for penetration, axial and lateral responsesusing analytical approaches (Randolph and Houlsby (1984) , Murff et al. (1989) , Martin and 66 Randolph (2006) , Randolph and White (2008) , Martin and White (2012) , Randolph et al. (2012) ) 67 and finite element analysis (FEA) both through small-strain (Aubeny et al. (2005) , Merifield et al. 68 (2008) , Merifield et al. (2009) , Krost et al. (2011) , Chatterjee et al. (2014) ) and large-deformation 69 approaches (Wang et al. (2010) , Chatterjee et al. (2012c) , Chatterjee et al. (2012a) , Chatterjee et 70 al. (2012b) , Chatterjee et al. (2013) ) are plenty, and can provide a prediction of pipe axial or 71 lateral breakout capacity if the undrained shear strength conditions of the soil are known and 72 defined simply (such as uniform or increasing linearly with depth). Experimental investigations 73 into pipeline behaviour have also been performed at large scale and at reduced scale in a 74 centrifuge, as reported by Bruton et al. (2006) , Bruton et al. (2008) , Cheuk et al. (2007) , Dingle et 75 al. (2008) and Cardoso and Silveira (2010) . These studies have led to empirical expressions for 76 the unconsolidated lateral breakout resistance and the subsequent steady residual resistance, 77 simulating a model pipe that breaks out immediately after installation. 78
In reality, the geometry of the free surface and the distribution of the undrained shear strength 79 around a pipeline post-lay can be significantly affected by the remoulding process during the pipe 80 laying. The axial and lateral resistance subsequently available between the pipeline and the soil is 81 influenced by consolidation of the soil around the pipeline that takes place between the laying 82 process and when the pipeline operation starts. The resulting changes in soil strength and pipe-83 soil resistance are the subject of this paper. Results of a suite of geotechnical centrifuge tests 84 designed to explore the changes in axial and lateral breakout resistances resulting from 85 installation disturbance and reconsolidation in soft clay are reported and interpreted. 86
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Experimental program
87
Apparatus 88
Centrifuge and actuation 89
The tests were carried out in the 1.8 m radius beam centrifuge at the Centre for Offshore 90
Foundation Systems at the University of Western Australia (Randolph et al. (1991) and horizontal loads or displacements of the model through an instrumented loading arm. In-94 house software is used for control and data acquisition during tests (Gaudin et al. (2009 ), De 95 Catania et al. (2010 ). The tests reported in this chapter were carried out at 25g. 96
Model pipe 97
A schematic drawing of the model pipe is shown in Figure 1(a-b) . The model pipe has a 98 diameter of 30 mm, 150 mm long, representing a diameter of D = 0.75 m and a length of L = 3.75 99 m at prototype scale. The pipe was fabricated from a solid piece of aluminium with sand glued to 100 the bottom half to provide a rough pipe-soil interface. 101
The pipe section was instrumented with 6 pore pressure transducers (PPTs) located along the 102 length of the underside of the pipe at the invert and at the sides between the pipe axis and invert. 103
The arc length between the invert and side PPTs is 15.7 mm (0.39 m, prototype scale), forming a 104 central angle of PPT = 60°.
105
Soil sample 106
To make the model seabed, kaolin clay slurry with water content of 120 % (or twice its liquid 107 limit) was mixed for 2 days in a vacuum. The slurry was poured into the strongbox over a sand 108 6 drainage layer covered with a geotextile. The sample was consolidated in-flight, continuously for 109 65 hours at the test acceleration of 25g to achieve a normally consolidated deposit. Full 110 consolidation was verified via a linearly increasing shear strength profile with depth obtained 111 from ball penetrometer tests. The top of the sample was then scraped to provide a flat and smooth 112 working surface, removing 2-3 mm of clay in the process, leading to a nominal non-zero mudline 113 strength. 114
A miniature ball penetrometer (Chung and Randolph (2004) , Low et al. (2007) , Colreavy et al. 115 (2016) ) with diameter of 15 mm (0.375 m, prototype scale) was used to measure the shear 116 strength profile of the soil sample. The ball penetrometer was penetrated into the soil sample at a 117 rate of 1 mm/s to ensure undrained conditions (Randolph and Hope (2004) ). The first penetration 118 was carried out up to a depth of 88 mm (2.2 m prototype scale), after which 10 cycles of 119 penetration and extraction were carried out between depths 24 mm (0.6 m) and 70 mm (1.75 m) 120 before the penetrometer was completely extracted. 121
The penetration resistance measured by the ball penetrometer, qball was corrected for unequal 122 pore pressure and overburden pressure following the expression defined by Chung and Randolph 123 (2004) : 124
where qm is the net penetration resistance, v0 is the in situ total overburden stress, u0 is the 125 hydrostatic pressure, As/AP is the ratio of the shaft to the projected area of the ball penetrometer, 126 and parameter  is the net area ratio of the load cell core to the shaft area (equivalent to 0.85 for 127 the tests considered here). 128
The undrained shear strength, su, is back calculated from the net penetration resistance, qm as: 129
where Fbuoy is the soil buoyancy force on the ball penetrometer and Nball is the constant ball 130 penetrometer factor, assumed equivalent to 10.5, typical for penetrometer penetration tests (Low 131 et al. (2007) , Colreavy et al. (2016) ). 132
The in situ and remoulded shear strength profiles derived from the cyclic ball penetrometer test 133 are shown in Figure 2 (a) and Figure 2(b) , respectively. The shear strength profile was calculated 134 by adopting a constant value for Nball over the entire sample depth, which introduces minimal 135 near-surface error for a normally consolidated soil (Gourvenec et al. (2009 ), Low et al. (2010 ). 136
The resulting intact, in situ, undrained shear strength, su0 was approximated to increase linearly 137 with depth, z within 0 < z (mm) < 40 (1 m depth in prototype scale) as: 138 where su,cyc is the strength measured during the cyclic phase of the ball penetrometer test, and N95 146 = 2.5 is the number of cycles required to achieve 95 % of rem from the intact strength. Following installation, axial or lateral breakout of the pipe was simulated immediately, or after a 158 period of consolidation that allowed essentially full dissipation of the excess pore pressures 159 developed during installation. The pipe was translated axially (y in Figure 1(b) ) and laterally 160 (x in Figure 1(b) ) under constant vertical load, Vop allowing the pipe to rise or fall to maintain 161 this load, to assess the breakout resistance. 162
Two alternative 'laying' methods were considered: undrained monotonic vertical penetration and 163 undrained cyclic installation, simulated by a specified pattern of oscillations, thus remoulding the 164 surrounding soil. The adopted pattern of lateral displacement during the cyclic penetration 165 mimics the disturbance and remoulding associated with a real lay process. 166
Undrained penetration response
167
The influence of installation or pipe 'laying' method on the pipe penetration response is presented 168 in The monotonic penetration response is highly repeatable as shown in Figure 3 6   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 of As′ to the top of the pre-existing heave next to the pipe, with As being the cross-sectional area 190 of the embedded pipe. When the displaced soil forms heave mounds and alters the geometry of 191 the soil next to the pipe, the soil buoyancy is enhanced through the factor fb where an fb = 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 11 pressure at the pipe invert, uinv which is equivalent to the difference between u0 and the invert 213 pore water pressure, uinv as shown in Figure consolidation, the excess pore pressure is higher relative to the applied stress for increasing 223 unloading ratio, Vmax/Vop. The additional excess pore water pressure generated by the cyclic 224 penetration of the pipe is also evident in this figure (compare RemR4CU against R4CU in Figure  225 
5(b)). 226
Figure 5(c) shows that the post-lay dissipation behaviour in pipe cases with Vop >0.5·Vmax 227 (R1CU and R2CU) is close to the solutions derived from elasto-plastic (Chatterjee et al. (2012c) ), 228 and elastic (Krost et al. (2011) ) small-strain FEA models. For pipes at a higher overloading ratio 229 and with remoulding during installation, the additional excess pore pressure created by these 230 effects leads to a higher response. However, with dissipation, all responses converge towards the 231 theoretical solution. The only exception is R8CU, which is an outlier. For this high overloading 232 ratio, only small level of remnant excess pore pressure is needed at the invert to cause a high 233 value of (u/uini)inv. 234
The dissipation of excess pore pressure during post-lay consolidation results in an increase in 235 effective stress in the soil around the pipe. The effective stress increase can be illustrated by 236   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 12 defining an effective contact enhancement factor, ′ given by the ratio of the effective normal 237 force, N′ acting around the pipe-soil contact and the pipeline submerged weight per unit length, V 238 (White and Randolph (2007) , Krost et al. (2011) ) as: 239
At full consolidation (when the excess pore pressure is completely dissipated), the effective stress 240 is equal to the total stress around the pipe. A total force, N can be obtained by summing the 241 normal contact stresses over the pipe-soil contact perimeter, p and this force exceeds the pipeline 242 submerged weight per unit length, V due to a 'wedging' effect around the curved pipe surface 243 (Figure 1(c) ). The ratio  = N/V was derived by White and Randolph (2007) The effective force, N′ in Equation 7 is determined following the principle of effective stress as: 249
where u̅ is the average excess pore pressure around the pipe, obtained in this case by linearly 250 interpolating the recorded excess pore pressures at the pipe invert (uinv), the side PPTs (uside), 251 and the zero pore pressure at the edge of the pipe and soil surface. 252
The distribution of the total radial stress,r and the interpolated u during consolidation, 253 normalised by the prescribed vertical bearing pressure, V/D is shown in Figure 6 The unconsolidated undrained effective contact enhancement factor, UU reduces with increasing 273 overload ratio, and is reduced further for the case with remoulding during pipe penetration (case 274 RemR4CU). This is because the overloading and remoulding processes both create additional 275   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 14 excess pore pressure, meaning that initially a lower portion of the pipe weight is carried by 276 effective stress. After full dissipation, however, the effective contact enhancement factor returns 277 to the total stress value (′ = ), which for w/D = 0.5 is estimated as  = 1.27. An important 278 consequence of this effect is that there is a lower axial friction initially available, as discussed in 279 the following section, and Equation 10 axial breakout results in higher steady-state ('residual') axial resistance, and also a pronounced 287 peak exhibited initially. The peak and residual resistances during axial displacement after post-lay 288 consolidation, when expressed as a friction factor, are 3.5 and 1.6 times greater than the residual 289 resistance with breakout immediately after installation. 290
Prediction of undrained axial breakout capacity 291
The increase in axial breakout resistance due to consolidation is directly linked to the effective 292 contact enhancement factor, ′ (Equation 7) where the axial friction factor, Hax/V can be 293 expressed as: 294
where  is the pipe-soil friction angle. Using the excess pore pressure prior to axial loading,
295
Equation 11 provides a good prediction to the observed axial residual resistance on both the 296   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 15 consolidated and unconsolidated cases, assuming a pipe-soil friction angle of  = 27.5, which is 297 typical for kaolin at low stresses (Hill et al. (2012) ). 298
Lateral load-displacement response
299
Installation and post-lay consolidation effects 300
The effect of post-lay consolidation and pipe 'laying' method on the lateral load-displacement 301 response is shown in Figure 8 The lateral response after post-lay consolidation exhibited higher resistance than the case without 308 post-lay consolidation (compare R4CU and R4UU in Figure 8(a-b) ). An immediate peak was 309 recorded during lateral breakout following consolidation, similar to the observations made on the 310 axial breakout response shown in Figure 7(a-b) . An improvement in lateral resistance due to 311 consolidation is observed within ~ 0.6D lateral distance from the as-laid location (Figure 8(a-312   b) ). The breakout resistance is 1.8 times greater with post-lay consolidation than without, after 313 which the lateral resistance (H/Dsu0 and H/V) on both the consolidated and unconsolidated cases 314 converge to a similar value as the pipe moves further away from the as-laid position, 315 encountering soil unaffected by the post-lay consolidation. The gain in lateral resistance due to 316 post-lay consolidation is also higher for the pipe that was cyclically installed than in the pipe that 317 followed monotonic penetration (compare R4CU against RemR4CU in Figure 8(a-b) ). Cyclic 318 remoulding of soil during pipe laying also created a wider zone of strengthened soil, where 319 enhancement of resistance can be observed up to 0.75D lateral distance from the installation 320 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 16 location (although the test was terminated shortly afterwards). Cyclic remoulding of soil duringpipe laying led to elevated levels of excess pore pressure (Figure 3(c) ) that consequently resulted 322 in a greater reduction in moisture content and therefore strengthening after dissipation. 323
The observed differences in breakout resistance are consistent with the excess pore pressure 324 recorded at the PPT on the rear side of the pipe, urear shown in Figure 8 (e). Higher negative 325 pore pressure is observed for the higher breakout resistance, but in all cases the excess pore 326 pressure is lost after approximately 0.5 diameters of movement, when a gap at the rear of the pipe 327 causes pore pressures at the PPT location to become hydrostatic. The outcome -which is initially 328 counter-intuitive -arises as more softening during pipe laying resulted in more net hardening 329 after consolidation. 330
Comparison with theoretical solutions for unconsolidated, undrained lateral breakout capacity 331
The effect of pipe weight on the lateral breakout resistance for cases without post-lay 332 consolidation is assessed through failure envelopes defining the combination of vertical and 333 lateral loads in and White (2008) for weightless soil, and numerical limit analysis by Martin and White (2012) 339 for weighty soil. In both cases the pipe is assumed to be fully rough, wished-in-place and at an 340 embedment of w/D = 0.5 in a soil with strength proportional to depth. Both solutions 341 underestimate the unconsolidated undrained lateral breakout capacity observed in the present set 342 of centrifuge test results, which is attributed to the neglect of heave and soil berms as earlier 343   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 the failure envelope in the lateral load dimension. 345
The formation of soil heave beside the pipe during penetration is shown in Figure 10 
Comparison with theoretical solutions for the consolidated, undrained lateral breakout capacity 358
The effect of pipe weight on the lateral breakout resistance for cases with post-lay consolidation 359
is assessed through failure envelopes in Figure 11 . 360
The consolidated undrained lateral breakout capacity, indicated by individual data markers, is 361 defined as the peak resistance recorded during the immediate lateral displacement of the pipe, and 362 occurred during x ~ 0.01D, which is a smaller displacement than for the unconsolidated cases. 363
18
The consolidated undrained failure envelope is derived by scaling the unconsolidated undrained 364 envelope as a function of the increase in the undrained shear strength due to consolidation, su 365 using an approach set out by for shallow foundations. The mobilised soil 366 below the pipe is lumped as a single element for which the operative increment in consolidation 367 stress due to the preload can be estimated for initially normally consolidated conditions as: 368
where N is the enhanced normal force that takes into account the wedging effect around the pipe 369 as defined by Equation 8 (Chatterjee et al. (2014) ), whilst the factor f takes into account the 370 non-uniform distribution of the stress in the affected zone of soil. The resulting increase in 371 strength of the soil affected by consolidation is then calculated as: 372
where the shear strength factor fsu scales the gain in strength of the 'lumped' soil to that mobilised 373 during subsequent failure, and (su/′v)NC is the normally consolidated strength ratio of the soil, 374 equivalent to 0.15 in the present test conditions. 375
The consolidated undrained vertical and lateral breakout capacities are assumed to scale with the 376 increase in the undrained shear strength in the form: 377 where the increase in operative soil strength is linked to the pipe weight. The observed increase in 388 lateral breakout capacity, Hult, due to consolidation is higher than the predicted gain in vertical 389 pipe capacity, Vult, consistent with analysis of mudmat foundations (Feng and Gourvenec (2015)). 390
For the load levels used in the model test cases, the theoretical envelope and the experimental 391 results show gains in lateral breakout capacity of 20% -50% (Figure 11) . 392
Pipe trajectory
393
The effect of post-lay consolidation and installation or pipe 'laying' method on the pipe trajectory 394 during subsequent axial and lateral loading is summarised in Figure 12 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 wished-in-place (no heave) conditions should be modified using the effective 444 embedment. When the solutions are applied in this way, in combination with the in situ 445 soil strength, the response is predicted well. 446   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 23
Notations
458
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